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Background
Marinesco-Sjögren syndrome (MSS; MIM:248800) is a rare autosomal recessive disorder that affects multiple organ systems. Common symptoms of MSS are congenital cataracts, cerebellar ataxia, hypotonia, progressive muscle weakness, and delayed psychomotor development [1] [2] [3] [4] .
The disease affects males and females equally; however, the exact incidence of the disorder in the general population is unknown. MSS is often caused by mutations of the SIL1 gene which locates on the long arm of chromosome 5 (5q31.2) [5, 6] . SIL1, an adenine nucleotide exchange factor, binds to the 78 kDa glucose-regulated protein (GRP78; BiP) and thereby regulates its ATPase cycle. BiP belongs to the heat shock protein (HSP) 70 chaperone family and plays a key role in protein quality control within the endoplasmic reticulum (ER) [7, 8] . Loss of functional SIL1 results in the build-up of misfolded proteins in the ER and thus to activation of the unfolded protein response (UPR) and likely damages cells in many tissues, leading to congenital or infantile cataracts, Purkinje cell degeneration and ataxia, progressive vacuolar myopathy and other phenotypes such as MSS complicated by Dandy-Walker syndrome [9] , by spastic paraplegia [10] or by motor neuronopathy and bradykinetic movement disorder [11] . Overall, this phenotype highlights an important role of SIL1 in neuronal function and maintenance. In woozy mice, loss of functional SIL1 results in ER-stress, UPR activation and Purkinje cell degeneration and vacuolar myopathy with signs of altered autophagy and typical alterations of the myonuclear envelope, indicating that the woozy mouse is a suitable phenocopy of the human disease [12] [13] [14] [15] .
In the nervous system, ER stress has been identified as a key process in multiple neurodegenerative conditions such as Alzheimer's and Parkinson's disease, Amyotrophic
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Lateral Sclerosis (ALS) and prion diseases [16, 17] . In this context, it is important to note that apart from the above described MSS phenotype, a prominent role of SIL1 in maintaining integrity and function of the nervous system is suggested by the following observations: (i) SIL1 has been described as a disease-modifying protein in ALS and Alzheimer's disease, respectively [18, 19] , (ii) in vitro overexpression of SIL1 resulted in elevation of a variety of proteins with neuroprotective functions [20] , (iii) in vitro depletion of SIL1 affects several proteins important for neuronal function [21] and (iv) morphological studies of Sil1-mutant mice revealed pathological alterations of nerve terminals and neuromuscular junctions along with signs of neurogenic muscular atrophy [18] . Although Horvers and co-workers found no clear evidence of peripheral neuropathy in their cohort of four Dutch MSS patients with proven SIL1 mutations [22] ; still, the evidence discussed above suggests a vulnerability of the PNS against loss of functional SIL1. However, so far there is no dedicated study focusing on the effect of SIL1 deficiency on peripheral nerves and neuromuscular junctions (NMJs). To systematically address this question, we investigated intramuscular nerve fascicles in MSS-patients and woozy mice as well as the sciatic nerves of these mice by transmission electron microscopy. Moreover, proteomic profiling of the murine sciatic nerve was performed to obtain insights into the biochemical consequences of loss of the SIL1 protein in the PNS. Finally, NMJs were systematically studied by immunofluorescence in Sil1-mutant and wildtype mice as well as in an MSS-zebrafish model.
Materials and Methods
Electron microscopy
Ultrathin sections of archived glutaraldehyde-fixed, resin-embedded M. quadriceps biopsies obtained from two MSS-patients with proven SIL1 mutations [6, 23] were examined. In addition, sciatic nerve specimens derived from woozy [15] (3 animals aged 16 weeks and 3 animals aged A C C E P T E D M A N U S C R I P T 6 26 weeks) and wildtype mice (3 animals aged 16 weeks and 3 animals aged 26 weeks) were fixed in 3.9 % buffered glutaraldehyde. Samples were osmicated in 1 % phosphate-buffered osmium tetroxide, dehydrated and embedded in epoxy resin. Ultrathin sections (100 nm) of transversely and longitudinally embedded nerve fascicles were contrasted with uranyl acetate and lead citrate. EM images were obtained using a CM10 transmission electron microscope (Philips, Amsterdam, The Netherlands).
Proteomic profiling
Tissue lysis and carbamidomethylation Sciatic nerves derived from three woozy and three wild-type animals were used for comparative proteome profiling utilizing a label-free approach. Each sample was ground and lysed in 0.5 mL of 50 mM Tris-HCl (pH 7.8) buffer containing 150 mM NaCl, 1 % SDS and Complete Mini.
Afterwards, extracts were centrifuged at 13,500 x g for 30 min at 4 °C and protein lysate was collected. The protein concentration of each sample was determined by BCA assay according to the manufacturer's protocol. Then, cysteines of the proteins were reduced by addition of 10 mM DTT at 56°C for 30 min, followed by alkylation of free thiol groups with 30 mM IAA at room temperature (RT) in the dark for 30 min.
Sample preparation and trypsin digestion
Sample preparation and proteolysis were performed using filter-aided sample preparation (FASP). Briefly, 100 µg of protein was diluted 10-fold with freshly prepared 8 M urea/100 mM Tris-HCl (pH 8.5) buffer and placed on a centrifugal device Nanosep 30 KDa Omega (Life Science). The device was centrifuged at 13,800 g at RT for 20 min for all centrifugation steps.
First, to eliminate residual SDS, three washing steps were carried out with 100 µL of 8 M urea/100 mM Tris-HCl (pH 8.5). Then, for buffer exchange, the device was washed thrice with 100 µL of 50 mM NH 4 HCO 3 (pH 7.8). Next, 100 µL of proteolysis buffer comprising of trypsin
(Promega) (1:25 w/w, protease to substrate), 0.2 M GuHCl and 2 mM CaCl 2 in 50 mM NH 4 HCO 3 (pH 7.8), was added to the device and incubated at 37°C for 14 h. Afterwards, the generated tryptic peptides were recovered by centrifugation with 50 µL of 50 mM NH 4 HCO 3 followed by 50 µL of ultra-pure water. Finally, peptides were acidified by addition of 10 % TFA (v/v) and digests were quality-controlled in a reversed-phase HPLC.
LC-MS/MS analysis
Replicates were measured using an UltiMate 3000 nano RSLC System coupled to a Lumos Dionex Mass Spectrometer (both from Thermo Scientific). Peptides were preconcentrated on a 100 µm x 2 cm, C18, 5 µm, 100 Å trapping column for 10 min using 0.1 % TFA (v/v) at a flow rate of 20 µL/min followed by separation on 75 µm x 50 cm, C18, 2 µm, 100 Å main column (both from Acclaim Pepmap, Thermo Scientific) with a 120 min LC gradient ranging from 3-35 % of 84 % ACN, 0.1 % FA (v/v) at a flow rate of 250 nL/min. MS survey scans were acquired in the Orbitrap from m/z 300 to 1500 at a resolution of 120,000 using the ambient air (protonated (Si(CH3)2O))6) ion at m/z 445.12002 as lock mass [24] . The most intense signals were subjected to high collision induced dissociation (HCD), and the detection was archived in the ion trap, taking into account a dynamic exclusion of 30 s. HCD spectra were acquired with a normalized collision energy of 30 % and an activation time of 10 ms. AGC target values were set to 2 x 10 6 for Orbitrap MS and 2 x 10 4 for ion trap MSn scans. Maximum injection times were set to 50 ms and 300 ms for both full MS and MSn scans, respectively.
Label free data analysis
Data analysis of the acquired label free quantitative MS data was performed using the Progenesis Qi software from Nonlinear Dynamics (Newcastle upon Tyne, U.K.) in which alignment of MS raw data was conducted by automatically selecting one of the LC-MS files as reference. After peak picking, only features within retention time and m/z windows from 0-120
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A C C E P T E D M A N U S C R I P T 8 min and 300-1500 m/z, with charge states +2, +3, and +4 were considered for peptide statistics and analysis of variance (ANOVA). MS/MS spectra were exported in an mgf file as peak lists. ANOVA p-value of <0.05 (Progenesis Qi) and (iv) an average log2 ratio of which protein that was either higher than the up-regulated cut-off or lower than the down-regulated cut-off was considered as regulated. The cut-off values were determined based on the 2x standard deviation and the normal distribution from all identified protein's log2 ratio in which the bell curve is symmetric around the mean. Therefore, an average log2 ratio of a protein which < -1.02 or > 1.05 (corresponding to ~2.09-fold regulation; log2 ratios of 1.01) for comparative global profile were considered as regulated.
Morphological studies of neuromuscular junctions in woozy mice
Immunofluorescence staining of 100 µm-thick free-floating longitudinal sections of Extensor Digitorum Longus muscles were done as previously described [25] . Briefly, muscles were incubated in 1x PBS/0.5 % Tween-20 with 10 µg/mL Heparin (1x PTwH) for 24 h at room temperature. Then, muscles were transferred to 1x PBS/1x PTwH/0.5 % Triton X-100/10 % 
Transcript studies in Sil1-mutant and wildtype mice
To further examine the integrity of the NMJ gene expression investigations were performed for targets previously shown to be involved in NMJ structure [26] . RNA was extracted from the muscle of 26-week-old mice. TRIzol Reagent (Ambion), 0.1 mL per 50-100 mg of muscle weight, was added to each sample. The samples were homogenised on ice using a TissueRuptor (Qiagen) and incubated for 5 min at room temperature before centrifuging for 10 min at 12,000g (4°C). 0.2 mL of Chloroform per 1 mL of Trizol was added to the cleared
homogenate solution and the sample vigorously shaken by hand for 15 sec. Samples were incubated for 3 min at room temperature, centrifuged for 15 min at 12,000g (4°C), and the RNA in the aqueous phase transferred to a new tube. 0.5 mL per 1mL of Trizol of isopropyl alcohol was added to each sample which was again shaken by hand before incubation at room temperature for 10 min. Samples were centrifuged for 15 min to obtain the RNA pellet, which was then washed in 75% ETOH and centrifuged for 5 min. The supernatant was removed, and the pellet dried in a heat block at 55-60°C.The RNA was re-suspended in RNAase-free-water (Ambion)and incubated at 55-60°C for 10 min. Sample purity (A 260 /A 280 ratio) and concentration (µg/µl) were assessed using a Nanodrop2000 (ThermoFisher).
DNAase treatment and reverse transcription was performed according to manufacturer's instructions using the DNA-free™ DNA Removal Kit (ThermoFisher) and the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher) respectively. Samples were stored at -20°C until use.
Real-time PCR (qPCR) was performed on a BioRad CFX96 using Power SYBR Green Master Mix (ThermoFisher). For each gene examined, a temperature gradient and dilution calibration curve were performed to determine optimum conditions for the primer pair (Table 1) and check the reaction efficiency. A master mix composed of 10µL of SYBR Green, 6µL of DEPC-H 2 O, 1µL of forward and reverse primer (Table 1 ) was added to 2µL of cDNA. Samples were run in triplicate along with a no-template control (NTC), with only wells that were at least 3 Cq cycles away from the NTC being used for analysis. Data was analysed using the ΔΔCq method. 
Generation of a MSS-zebrafish model and studies of NMJ integrity and myelination
To examine NMJ integrity and myelination, knockdowns were performed in zygotes of the Golden (slc24a5b1/+) Danio rerio strain (ZIRC, OR, USA). Zebrafish embryos and larvae were raised and staged according to standard procedures [28] .
Antisense morpholino oligonucleotides (MOs) were purchased from Gene Tools (Pilomath, OR).
We obtained a previously published Bright field microscopy images of larvae were captured using a Leica dissection stereomicroscope equipped with a Leica digital camera (model DFC 420C). For immunofluorescent staining of whole mount zebrafish, 5-day post fertilization zebrafish embryos were dechorionated using Pronase E (Sigma Aldrich) and euthanized by anesthetic overdose.
Whole mount staining was performed as described previously [29] , utilizing a mouse anti-SV2 (Figs. 3, 4) , the mild perturbations of myelination did not increase with age.
Perturbations of the nuclear envelope are detectable in 7% of Schwann cell nuclei on average.
The mitochondrial changes occurred with 12% on average in the PNS of 16-week-old mutant mice and with 26% on average in the PNS of 26-week-old woozy animals. 
(A, B) Focal widening (grey arrows) of the nuclear envelope of Schwann cells. (C) Spheroid-like swelling of a myelinated nerve fiber due to intraaxonal accumulation of cytoskeletal elements and organelles. (D) Swollen intraaxonal mitochondria (white arrows). (E, F) Large accumulations of granular and membranous autophagic material in the axons and/or in the adaxonal Schwann cell cytoplasm (black arrows).
A 
Membranous cytoplasmic bodies (black arrows) in woozy mouse nerve fibres. (E, F) Prominent ER/Golgi structures in the cytoplasms of Schwann cells of myelinated fibres (grey arrows) and degenerating mitochondrion (white arrow). G Autophagic vacuole in a Schwann cell (black arrow). (H) Disproportional thin myelinated axons and (H, I) prominent, swollen intraaxonal mitochondria (white arrows).
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SIL1 deficiency perturbs integrity of neuromuscular junctions in woozy mice and MSS zebrafish
Prompted by our previous observation that in woozy mice, integrity of the NMJs is disturbed and that this is associated with signs of neurogenic atrophy of muscle fibers [18] , we investigated NMJs in extensor digitorum longus muscles from 26-week-old woozy and wild-type mice and in a MSS-zebrafish model. Morphological investigation of a total of 100 NMJs stained with bungarotoxin revealed a statistically significant reduction in the size of NMJs in the woozy animals ( Fig. 5A, B) . Moreover, in mutant mice, the fluorescence intensity of α-bungarotoxin appeared weaker thus suggesting reduced presence of AChR compared to wildtype NMJs (Fig.   5A ). Immunofluorescence of NMJs in zebrafish Sil1 morphants illustrated a disruption of synapse formation along the vertical myosepta with a striking disorganization of presynaptic branching across the muscle fibres of the myotomes compared to those observed in control fish (Fig. 6A ). Further studies of myelinating Schwann cells using a Claudin K antibody did not show significant differences between control-morpholino and Sil1-morpholino injected fish (Fig. 6B) .
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SIL1-mutant sciatic nerves display changes in protein abundances
Proteomics is a powerful tool for the unbiased investigation of pathophysiological processes [30, 31] . Here, we compared Sil1-mutant and wildtype sciatic nerves using quantitative mass spectrometry. We found that 1.22% of the quantified proteins (20 out of 1632) were differentially expressed upon loss of functional SIL1 in this tissue: 15 (0.92%) of these proteins were upregulated and 5 (0.3%) downregulated (Fig. 7A-C) . The affected proteins are located to the cytoplasm, cellular membranes and the extracellular space (Fig. 7D) . For an overview on the regulated proteins and proposed functions, see supplemental table 1. To provide insight into SIL1 neuronal cytopathology, the spectrum of affected proteins was analyzed for enriched gene ontology (GO) terms using STRING [32] (Suppl. Fig. 1 ). 
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Discussion
PNS is vulnerable against the loss of SIL1
Recessive SIL1 mutations cause MSS in human patients and the woozy phenotype in mice [13, 15, 23] , both with degeneration of Purkinje cells and ataxia. Some MSS patients present with additional Dandy-Walker syndrome [9] , spastic paraplegia [10] or motor neuronopathy associated with bradykinetic movement disorder [11] . Moreover, Sil1 knock down in zebrafish by two different antisense oligo morpholinos resulted in loss of Purkinje cells [33] . Hence, a profound role of SIL1 in neuronal function and maintenance can be postulated. This assumption is also supported by the crucial role of (functional) BiP levels for motor neuron survival [34] and observations that SIL1 elevation (i) attenuates motor neuron vulnerability in a mouse model of ALS [18] and (ii) triggers the expression of proteins with neuroprotective properties [20] . To address the vulnerability of the PNS against SIL1 loss, we performed combined electron microscopic, immunofluorescence, proteomic and selected transcript studies. Results of our ultra-morphological studies on intra-muscular nerve fascicles from two MSS-patients and three woozy and wildtype mice revealed affection of myelinating and non-myelinating Schwann cells as well as of axons engulfed by both types of Schwann cells. Hereby, changes in the architecture of the nuclear envelope were observed accompanied by mitochondrial degeneration and aggregates of autophagic material. These aggregates were remarkably prominent in myelinated axons of Sil1-mutant mice and were found to be more pronounced in 26-compared to 16-week-old animals. Interestingly, abnormal aggregates of autophagic material and perturbations of nuclear envelope structures as well as mitochondrial degeneration have already been extensively described in MSS-patient and woozy mouse muscle as well as in in vitro models of the disease [13, 21] suggesting that these ultra-morphological changes are a consistent feature in tissues vulnerable for SIL1 loss. Moreover, this finding is in line with the
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23 results of a study linking levels of functional BiP to the activation of autophagy as a mechanism acting towards the breakdown of protein aggregates and to axonal degeneration [34].
The major differential diagnosis of MSS is the congenital cataracts, facial dysmorphism and peripheral neuropathy (CCFDN) syndrome due to a recurrent recessive mutation in CTDP1.
CCFDN is associated with a symmetric, distal peripheral neuropathy with a predominant motor phenotype. Secondary scoliosis and foot deformities are common. Sensory neuropathy develops after age ten years [35] . Interestingly, scoliosis has also been described in 61% of patients with SIL1 mutations [36] . Our present findings suggest that MSS is phenotypically even more reminiscent to CCFDN, as neuropathy appears to be a consistent feature of SIL1 mutation in patients and mice. However, the buildup of autophagic material in MSS and woozy mice was present predominantly in axons, whereas the neuropathy in CCFDN was described to be hypo/demyelinating [35] . Moreover, myelination also seemed to be normal in the MSSzebrafish model.
NMJs are vulnerable to the loss of SIL1
Axonal neuropathies often go along with defects of neuromuscular junctions (NMJs) [37] .
Therefore, we sought to determine whether perturbed NMJ integrity is a pathophysiological 
Proteomic changes in sciatic nerves of woozy mice allow molecular insights into PNS vulnerability
To obtain biochemical insights into PNS vulnerability upon SIL1-loss, comparative proteome profiling via a label-free approach was performed. To this end, the proteomic signature of SIL1- 
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Mitochondrial defects promote ROS production [45] , a fact which is in line with the detected increase in antioxidant factors upon SIL1 deficiency, exemplified by the up-regulation of Murinoglobulin-1 (MUG1), Serine protease inhibitor A3K (SA3K), Chloride intracellular channel protein 6 (CLIC6), Alpha-1-antitrypsin 1-5 (A1AT5), Thymosin beta-4 (TYB4) and Copper transport protein ATOX1 [46] [47] [48] . Interestingly, TYB4 improves neurological functional outcome and axonal remodeling after embolic stroke in rats also suggesting a neuroprotective function of this protein [49] . EGFR promotes intrinsic axonal regeneration [50] . Similarly, as purine nucleoside phosphorylase (PNPH) deficiency results in a disorder characterized by recurrent infections, neurologic symptoms (rigid muscles, ataxia, developmental delay, and intellectual disability) [51, 52] , its increased abundance in Sil1-mutant PNS may also be a protective mechanism. Collagen nerve guides support axonal regeneration of the peripheral nerve [53] and COL1A1 and COL1A2 have been identified with increased abundance in woozy nerves.
Gephyrin is well known to promote nerve survival by establishing synaptic specificity at the NMJs [54] . Periostin (POSTN) has been identified to play a key role in axonal regeneration [55] .
Additionally, secreted POSTN has been shown to promote nerve regeneration in patients with peripheral neuropathies [56] . Therefore, the down-regulation of POSTN in the global profile either hints for an increasing activity of secreted POSTN in the extracellular space in axonal regeneration or contributes to axonal vulnerability. However, increased abundance of proteins with protective potential does not only indicate a vulnerability of the PNS against loss of functional SIL1, but also might explain why PNS pathology is subtle compared to cerebellar and skeletal muscle phenotype. In this context, it is worth noting that recently one of our molecular studies on organ vulnerability in MSS suggested that the presence of antagonizing factors modifies the vulnerability of cells/ tissues against loss of functional SIL1 [57] . 
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